The insulinotropic gut hormone glucagon-like peptide (GLP)-1 increases secretory burst mass and the amplitude of pulsatile insulin secretion in healthy volunteers without affecting burst frequency. Effects of GLP-1 on secretory mechanisms in type 2 diabetic patients and subjects with impaired glucose tolerance (IGT) known to have impaired pulsatile release of insulin have not yet been studied. Eight type 2 diabetic patients (64 ؎ 9 years, BMI 28.9 ؎ 7.2 kg/m 2 , HbA 1c 7.7 ؎ 1.3%) and eight subjects with IGT (63 ؎ 10 years, BMI 31.7 ؎ 6.4 kg/m 2 , HbA 1c 5.7 ؎ 0.4) were studied on separate occasions in the fasting state during the continued administration of exogenous GLP-1 (1.2 pmol · kg ؊1 · min ؊1 , started at 10:00 P.M. the evening before) or placebo. For comparison, eight healthy volunteers (62 ؎ 7 years, BMI 27.7 ؎ 4.8 kg/m 2 , HbA 1c 5.4 ؎ 0.5) were studied only with placebo. Blood was sampled continuously over 60 min (roller-pump) in 1-min fractions for the measurement of plasma glucose and insulin. Pulsatile insulin secretion was characterized by deconvolution, autocorrelation, and spectral analysis and by estimating the degree of randomness (approximate entropy). In type 2 diabetic patients, exogenous GLP-1 at ϳ90 pmol/l improved plasma glucose concentrations (6.4 ؎ 2.1 mmol/l vs. placebo 9.8 ؎ 4.1 mmol/l, P ‫؍‬ 0.0005) and significantly increased mean insulin burst mass (by 68%, P ‫؍‬ 0.007) and amplitude (by 59%, P ‫؍‬ 0.006; deconvolution analysis). In IGT subjects, burst mass was increased by 45% (P ‫؍‬ 0.019) and amplitude by 38% (P ‫؍‬ 0.02). By deconvolution analysis, insulin secretory burst frequency was not affected by GLP-1 in either type 2 diabetic patients (P ‫؍‬ 0.15) or IGT subjects (P ‫؍‬ 0.76). However, by both autocorrelation and spectral analysis, GLP-1 prolonged the period (lag time) between subsequent maxima of insulin concentrations significantly from ϳ9 to ϳ13 min in both type 2 diabetic patients and IGT subjects. Under placebo conditions, parameters of pulsatile insulin secretion were similar in normal subjects, type 2 diabetic patients, and IGT subjects based on all methodological approaches (P > 0.05). In conclusion, intravenous GLP-1 reduces plasma glucose in type 2 diabetic patients and improves the oscillatory secretion pattern by amplifying insulin secretory burst mass, whereas the oscillatory period determined by autocorrelation and spectral analysis is significantly prolonged. This was not the case for the interpulse interval determined by deconvolution. Together, these results suggest a normalization of the pulsatile pattern of insulin secretion by GLP-1, which supports the future therapeutic use of GLP-1-derived agents. Diabetes 50:776 -784, 2001
on all methodological approaches (P > 0.05). In conclusion, intravenous GLP-1 reduces plasma glucose in type 2 diabetic patients and improves the oscillatory secretion pattern by amplifying insulin secretory burst mass, whereas the oscillatory period determined by autocorrelation and spectral analysis is significantly prolonged. This was not the case for the interpulse interval determined by deconvolution. Together, these results suggest a normalization of the pulsatile pattern of insulin secretion by GLP-1, which supports the future therapeutic use of GLP-1-derived agents. Diabetes 50:776 -784, 2001 I n normal subjects, insulin in the basal state and after stimulation is secreted in a pulsatile manner (1) (2) (3) (4) . This leads to oscillations of insulin concentrations, especially in the portal vein (5, 6) , that are much smaller but also detectable in the systemic circulation. According to a popular hypothesis, intrapancreatic ganglia serve as a pacemaker to generate these oscillations, whereas nerve fibers also belonging to the intrinsic pancreatic nervous system coordinate the secretory activity of multiple islets (7) . In the fasting state, these insulin secretory bursts occur at intervals of 5-15 min (1) (2) (3) (4) (5) (6) . The length of the interval, as determined by frequent sampling, depends, among other factors, on the sampling frequency (5) . The amount of insulin secreted is greatly influenced by modifications primarily of the mass of insulin secretory bursts. Modulations of the frequency appears to be of lesser importance (8) . Agents that stimulate insulin secretion (glucose [9] , sulfonylureas [10] , and incretin hormones [9, 11] ) increase burst mass, whereas inhibitory factors (like somatostatin [12] ) lead to a decrement.
In patients with type 2 diabetes, abnormalities in pulsatile insulin secretion have been described using the method of "autocorrelation" (13) or "approximate entropy" (a measure of the orderliness) (14) , which appear to be already present at early stages of the development of type 2 diabetes, i.e., in first-degree relatives (15, 16) .
Glucagon-like peptide (GLP)-1 is an insulinotropic gut hormone that has received attention as a potential new therapeutic agent for type 2 diabetic patients (17, 18) . GLP-1 is able to render B-cells "glucose-competent" (19) , i.e., able to enhance the glucose responsiveness of pancreatic B-cells. Of particular interest is the glucose dependence of the stimulation of insulin secretion by GLP-1 (20, 21) , because this limits the risk of hypoglycemia. In healthy subjects receiving a continuous glucose infusion, GLP-1 specifically increased the secretory burst mass and amplitude of pulsatile insulin secretion, whereas burst frequency was not affected (11) . The influence of exogenous GLP-1 on pulsatile insulin secretion in type 2 diabetic patients and subjects with impaired glucose tolerance (IGT) has not yet been studied. Therefore, it was the aim of the present study to determine effects of an intravenous infusion of GLP-1 at a "therapeutic" dose on parameters of pulsatile insulin secretion in fasting type 2 diabetic patients and IGT subjects. Preliminary data have been published in abstract form (22) .
RESEARCH DESIGN AND METHODS
Study protocol. The study was approved by the ethics committee of the medical faculty of the Ruhr University Bochum on 4 December 1995 (registration number 717). Written informed consent was obtained from all participants. Subjects and patients. Eight patients with type 2 diabetes and eight subjects with impaired oral glucose tolerance (World Health Organization criteria, 75-g O.G.T. Boehringer; Boehringer Mannheim, Mannheim, Germany) with moderate obesity (BMI Ͻ35 kg/m 2 ) aged between 40 and 80 years (Table 1) were studied on two occasions with exogenous GLP-1 and placebo in random order. Type 2 diabetic patients were selected to be in poor metabolic control while on therapy with diet alone and/or sulfonylureas (fasting plasma glucose Ͼ8.9 mmol/l on two occasions). None of them had been on metformin or insulin treatment.
Eight healthy subjects with a normal oral glucose tolerance test were studied only with placebo for comparison and to assure that under our experimental conditions, normal oscillatory insulin secretion could be detected. Peptides. Synthetic GLP-1 amide was purchased from Saxon Biochemicals (Hannover, Germany; lot number FGLP 7369301 A, net peptide content 88.1%). The peptide was dissolved, filtered through 0.2-m nitrocellulose filters (Millipore, Bedford, MA), and stored frozen at -30°C. Net peptide content rather than gross weight was used for dose calculations. Highperformance liquid chromatography profiles (provided by the manufacturer) showed that the preparation was Ͼ99% pure (single peak coeluting with appropriate standards). Samples were analyzed for bacterial growth (standard culture techniques) and for pyrogens (Limulus amebocyte lysate endo-LAL; Chromogenix AB, Mö lndal, Sweden). No bacterial contamination was detected. Endotoxin concentrations in the GLP-1 amide stock solutions were always Ͻ0.03 EU/ml. Study design. Type 2 diabetic patients and subjects with IGT were studied twice in random sequenced order (GLP-1 or placebo infusions on days 1 and 3) and came to the metabolic ward in the evening of days 0 and 2. All antidiabetic medication was discontinued, and patients did not receive any antidiabetic medication before or during the experiments on days 1 and 3. A day with regular meal and drug schedules was allowed for day 2 between the experiments with GLP-1 and placebo. The intravenous infusion of GLP-1 or placebo was started at 10:00 P.M. and was continued until the end of the 60-min experimental period (from ϳ8:00 to 9:00 A.M. of days 1 and 3). Medications were withheld until the end of the experiments. Control subjects came to the metabolic ward on the morning of their study. Experimental procedures and continuous blood sampling. The patients were in a semi-recumbent position throughout the tests. A distal forearm vein (infusion arm) was punctured with a Teflon cannula (Vasofix Braunü le, 18 G; Braun Melsungen, Melsungen, Germany). At 10:00 P.M. the evening before, an intravenous infusion of GLP-1 Blood specimens. Blood (ϳ2 ml) was collected in 1-min fractions into tubes containing EDTA (1.6 mg/ml blood) and aprotinin (40 l Trasylol, 20,000 kallikrein inhibitor units/ml; Bayer, Leverkusen, Germany) for the determination of plasma glucose and insulin. A sample (ϳ100 -200 l) was stored in NaF (Microvette CB 300; Sarstedt, Nü mbrecht, Germany) for the measurement of plasma glucose. For determination of GLP-1 and glucagon, blood (ϳ9 ml) was drawn into tubes containing EDTA and aprotinin (180 l as described above). After centrifugation, plasma for hormone analyses was kept frozen at -30°C. Laboratory determinations. Glucose was measured using the glucose oxidase method with a Glucose Analyser 2 (Beckmann Instruments, Munich, Germany). Insulin was measured using insulin antibody-coated microtiter wells (insulin enzyme-linked immunosorbent assay [ELISA]) from Dako Diagnostics (Cambridgeshire, U.K.). Assay sensitivity was Ͻ6 pmol/l with an assay range from 0 to 1,080 pmol/l. The intra-assay coefficient of variation was 
Data are means Ϯ SD unless otherwise indicated. *Determined by analysis of variance. NA, not applicable.
3.6 Ϯ 0.3%. The interassay coefficient of variation was 7.4%. In this insulin assay, cross-reactivity was 0.3% with intact human proinsulin, 0.3% with 32,33 split proinsulin, and 0.5% with des 31,32 split proinsulin, but 45% with 65,66 split proinsulin and 66% with des 64,65 split proinsulin. There was no cross-reactivity with C-peptide. Human insulin was used as standard. C-peptide was measured using C-peptide antibody-coated microtiter wells (C-peptide ELISA) from Dako Diagnostics. The detection limit was 0.017 nmol/l, and the working range was up to 4.0 nmol/l. Human C-peptide was used as standard.
Immunoreactive GLP-1 was determined in ethanol-extracted plasma, as previously described (24), using antiserum 89 390 (final dilution 1:150,000) and synthetic GLP-1 amide for tracer preparation and as standard. Recovery of GLP-1 amide standards after alcohol extraction was 75 Ϯ 8%. The experimental detection limit (2 SDs over samples not containing GLP-1 amide) was Ͻ5 pmol/l. Antiserum 89 390 binds to the amidated COOHterminus of GLP-1 amide.
Pancreatic glucagon was assayed in ethanol extracted plasma using antibody 4305 as previously described (25) . Each patient's set of plasma samples was assayed at the same time to avoid errors due to interassay variation. Deconvolution analysis. The venous plasma insulin concentration time series were analyzed by deconvolution (multiparameter technique [26] ) to detect and quantify insulin secretory bursts as described previously (5) . Deconvolution analysis depends on the following assumptions. The venous plasma insulin concentrations measured in samples collected at 1-min fractions were assumed to result from five determinable and correlated parameters: 1) a finite number of discrete insulin secretory bursts occurring at either regular or randomly dispersed times and having 2) individual amplitudes (maximal rate of secretion attained within a burst) and mass (integral of the calculated secretory event) and 3) a common half-duration (duration of an algebraically Gaussian secretory pulse at half-maximal amplitude) that are superimposed on 4) a basal time-invariant insulin secretory rate, and 5) a bi-exponential insulin disappearance model from the systemic circulation with half-lives of 2.8 and 5.0 min, respectively, and a fractional slow compartment of 0.28 as determined in healthy fasting humans (8) . All secretory rates were expressed as mass units of insulin (picomoles) released per unit distribution volume (liters) per unit time (minutes), where the volume of distribution was assumed to be 0.206 l/kg as determined by Pørksen et al. (8) .
The calculated values represent hepatic vein insulin appearance rather than total insulin secretion. All data analyses were performed in a blinded manner on a personal computer using software specifically developed for purposes of hormone serial data deconvolution. A waveform-independent program screening for significant secretory bursts (PULSE2) provided estimates of secretory burst amplitude and mass (5, 26) . Spectral analysis. To eliminate nonstationarity, spectral analysis was performed on residuals after subtraction of a fitted line calculated as nine-point centered equal-weighted moving average. Spectral analysis was performed using noncommercial software. A Turkey window of 25 data points was used, and the spectra were normalized using the assumption that the total variance in each time series was 100%. This enables comparison of spectral estimates despite the different absolute values of insulin. The size of the dominant peaks during basal and stimulated conditions were compared statistically. Autocorrelation analysis. The analysis was performed on unsmoothed data stationarized as described for spectral analysis. Autocorrelation analysis was performed using the statistical software package SPSS version 9.0 (SPSS, Chicago, IL). The correlation coefficients of the first nonnegative peak of the autocorrelogram were compared statistically (27) .
Approximate entropy. The regularity of the insulin concentration time series was assessed by the model-independent and scale-invariant statistic approximate entropy (28) , which measures the logarithmic likelihood that runs of patterns that are close (within r) for m contiguous observations remain close (within the tolerance width r) on subsequent incremental comparisons. A precise mathematical definition is given in the study by Pincus (28) . Approximate entropy is to be considered a family of parameters dependent on the choice of the input parameters m and r and is to be compared only when applied to time series of equal length, as we do here. It was calculated with r ϭ 0.2 ϫ SD in the individual time series and m ϭ 1, which are standard input parameters (14, 16) . To obviate the effect of trends in the time series, approximate entropy was calculated on the first differences of data. A larger absolute value indicates a higher degree of process randomness. Approximate entropy is rather stable to noise that lies within the tolerance width r. Statistics. Patient characteristics are presented as mean Ϯ SD, and results are reported as mean Ϯ SE. The significance of differences between control subjects, IGT subjects, and type 2 diabetic patients (placebo experiments) was tested using one-way analysis of variance. Student's two-tailed paired t test was used to test for statistical significance between placebo and GLP-1 experiments. A P value Ͻ0.05 was taken to indicate significant differences. All statistical analyses were performed using Number Crunchers Statistical Software version 5.0 (Jerry Hintze, Keysville, UT).
RESULTS
Effects of GLP-1 on mean glucose and hormone concentrations. During the infusion of GLP-1 (1.2 pmol · kg Ϫ1 · min Ϫ1 ), mean GLP-1 plasma concentrations were significantly increased (to ϳ90 pmol/l) compared with placebo experiments ( Table 2 ). The mean fasting plasma glucose concentrations during the placebo experiments were significantly different between the three patient groups (Table 2). Intravenous GLP-1 significantly lowered plasma glucose concentrations in type 2 diabetic patients and IGT subjects compared with placebo experiments (Table 2 ). In type 2 diabetic patients, exogenous GLP-1 reduced plasma glucose to 4.9 Ϯ 0.6 mmol/l (vs. 10.7 Ϯ 2.4 mmol/l; P ϭ 0.04) at midnight, to 4.8 Ϯ 0.4 mmol/l (vs. 9.4 Ϯ 1.4 mmol/l; P ϭ 0.02) at 3:00 A.M., and to 5.9 Ϯ 0.6 mmol/l (vs. 10.5 Ϯ 1.5 mmol/l; P ϭ 0.006) at 7:00 A.M.
Mean insulin concentrations during placebo experiments were not significantly different between the three subject/patient groups ( Table 2) . Insulin was significantly increased by GLP-1 in type 2 diabetic patients (placebo vs. GLP-1; P ϭ 0.02) but only slightly in IGT patients (P ϭ 0.12). C-peptide increments were similarly influenced by GLP-1. There were no significant differences in glucagon concentrations between subject/patient groups or between placebo and GLP-1 experiments in any group. Deconvolution analysis. Deconvolution analysis of insulin concentrations revealed distinct and punctuated insulin secretory bursts in each data set analyzed (examples of type 2 diabetic patients, subjects with IGT, and normal control subjects are shown in Figs. 1-3 ).
There was an underlying basal insulin secretion that was not quantitatively affected significantly by intravenous GLP-1 (Table 3 ). In both type 2 diabetic patients and subjects with IGT, exogenous GLP-1 significantly increased the individual mean secretory burst mass (Fig. 4) . Likewise, the mean amplitudes of insulin secretory pulses were stimulated by GLP-1 (type 2 diabetic patients: 11.1 Ϯ 1.8 vs. 17.6 Ϯ 2.7 pmol · l Ϫ1 · min
Ϫ1
, P ϭ 0.006; IGT subjects: 13.3 Ϯ 2.1 vs. 18.4 Ϯ 3.2 pmol · l Ϫ1 · min
, P ϭ 0.02). The burst frequency was not changed significantly (Fig. 4) . The proportion of the pulsatile component of insulin secretion was slightly, but not significantly, stimulated by GLP-1 if type 2 diabetic patients and subjects with IGT were looked at separately. For the combined group, the effect of GLP-1 was significant (51.9 Ϯ 5.5 vs. 65.5 Ϯ 5.5%, P ϭ 0.048; Table 3 ). Spectral analysis. There was a trend toward a reduced maximum spectral power in type 2 diabetic patients under placebo conditions, but this was not significant. GLP-1 did not enhance maximum spectral power significantly. However, the mean interpulse periods were prolonged significantly by 5.9 and 4.3 min by exogenous GLP-1 in type 2 diabetic patients and in IGT subjects, respectively (Table  3 ). This was also apparent when the type 2 diabetic and IGT groups were combined (8.5 Ϯ 0.3 vs. 13.3 Ϯ 0.8 min, P Ͻ 0.0001). 
GLP-1 AND PULSATILE INSULIN SECRETION
Autocorrelation analysis. There was a trend toward a reduced maximum correlation in type 2 diabetic patients in comparison to normal subjects (P ϭ 0.08; Table 3 ) under placebo conditions. Exogenous GLP-1 did not change maximum correlation in any group but prolonged the lag time (corresponding to the interpulse interval) in a similar fashion as described for the period calculated by spectral analysis (Table 3 ). This was also apparent when the type 2 diabetic and IGT groups were combined (8.0 Ϯ 0.3 vs. 13.1 Ϯ 0.7 min, P Ͻ 0.0001). Approximate entropy. There was no characteristic difference in the estimate of approximate entropy between the three groups studied under placebo conditions, and exogenous GLP-1 had no significant effect on this parameter. The reduction in approximate entropy also fell short of statistical significance for the combined group of type 2 diabetic and IGT patients (P ϭ 0.052 in comparison to healthy control subjects; P ϭ 0.08 for experiments with GLP-1 vs. placebo).
DISCUSSION
In healthy men, the gut hormone GLP-1 increased secretory burst mass but did not affect frequency or orderliness of pulsatile insulin secretion (11) . In the current study, we demonstrate by deconvolution analysis that in patients with type 2 diabetes or subjects with IGT, GLP-1 similarly augmented pulsatile insulin secretion by amplification of the mean insulin burst mass. Evaluation of plasma insulin concentration profiles using autocorrelation and spectral analysis revealed a decreased frequency (or a longer interpulse interval) of plasma insulin oscillations in the systemic circulation with GLP-1 compared with placebo (Table 3) . Deconvolution analysis, which takes into account parameters of insulin appearance in (secretion) and disappearance from (distribution and metabolic clearance) systemic circulation, did not confirm changes in intervals between pulsatile insulin secretion with GLP-1 treatment (Table 3 and Fig. 4 ). An explanation for this difference may be an increased overlap of plasma insulin oscillations in the systemic circulation because the troughs between insulin secretory bursts become less apparent because of the elimination kinetics of insulin, whereas burst mass and pulse amplitude increase in response to GLP-1 treatment. This may lead to a reduced detectability of single secretion events in peripheral plasma insulin concentration profiles. Spectral analysis and autocorrelation analysis do not depend on the same assumptions, and their results better correspond to the insulin concentration time series (see examples presented in Figs. 1-3 ). Therefore, our results may be interpreted to indicate a prolonged periodicity of pulsatile insulin secretion under the influence of exogenous GLP-1. The enhanced pulse amplitude (Table 3) or burst mass (Fig. 4) described by deconvolution analysis may, along the line of this argument, even underestimate the influence of GLP-1 on the magnitude of the secretory events that correspond to the broad insulin peaks shown in Figs. 1 and 2 . No matter which method is used to analyze this secretory behavior, exogenous GLP-1 was found to profoundly influence parameters of pulsatile or oscillatory insulin secretion, even in type 2 diabetic patients and in subjects with impaired oral glucose tolerance (Fig. 4 and Table 3 ). This could not generally be expected because the pulsatility of insulin secretion has been found impaired in previous studies in type 2 diabetic patients (2,4,13,16) and even in nondiabetic first-degree relatives of type 2 diabetic patients (14, 15) . Given the impaired insulin secretory capability of B-cells in type 2 diabetic patients (29) and the reduced effectiveness of insulin secretagogues like glucose (30) and sulfonylureas (31) , it may even be considered remarkable that GLP-1 is able to elicit a similar effect on insulin secretory burst mass as has previously been demonstrated in healthy subjects (11) . A difference to this previous study is, however, that a fourfold increment in secretory burst mass was described in healthy subjects (11) , whereas in the present study, GLP-1 led to an increment of only 68 and 45% in type 2 diabetic patients and subjects with IGT, respectively (Fig. 4 and Table 3 ). Another difference is that Pørksen et al. (11) infused glucose to raise plasma concentrations to ϳ6 mmol/l, whereas in the present study, glucose levels were influenced only by the action of exogenous GLP-1 ( Table 2) . This means, for example, that in type 2 diabetic patients, plasma glucose concentrations with placebo were higher (9.9 Ϯ 1.5 mmol/l) than those with GLP-1 (6.3 Ϯ 0.6 mmol/l). Given the glucose dependence of the insulinotropic activity of GLP-1 (20, 21, 32, 33) , this may have led to an underestimation of GLP-1 effects on insulin secretion in general and on augmenting insulin secretory burst mass in particular. This has led to a nonsignificant increment in the proportion of insulin released in a pulsatile manner under the influence of GLP-1 in the present study, both in type 2 diabetic patients and in subjects with IGT (Table 3) . This proportion had increased significantly in Pørksen et al.'s previous study (11) . We also noted this significant difference only when results from type 2 diabetic and IGT subjects/patients were combined.
A recent study analyzed the immediate effects of a GLP-1 infusion on parameters of pulsatile insulin secretion under hyperglycemic clamp conditions in patients with type 2 diabetes and supports the current results that GLP-1 exerts its insulinotropic effect primarily by stimulation of insulin secretory burst mass (34) . Similar to the present study, insulin burst frequency calculated by deconvolution analysis and the orderliness of oscillatory insulin concentrations were not affected. Spectral analysis showed no change in pulse frequency with GLP-1 treatment in this study. This difference may be explained by the fact that, unlike in the present study, sampling from the systemic circulation was started from the beginning of a GLP-1 infusion, and the resulting insulin concentration profiles did not show similar increments as observed in the present study, both in type 2 diabetic patients and subjects with IGT. This characteristic may be an exclusive finding after a long-term GLP-1 infusion. The overnight normalization of glycemia may have reduced glucose toxicity (35) , thereby allowing a more physiological response to GLP-1.
Given the preserved insulinotropic action of GLP-1 in type 2 diabetic patients but the reduced effectiveness of gastric inhibitory polypeptide (GIP) reported previously (36, 37) , it would also be of interest whether GIP is able to augment pulsatile insulin release in patients with type 2 diabetes, in subjects with IGT, and in normal subjects.
Previous studies have found differences in the pulsatile pattern of insulin release among normal subjects (1-4), type 2 diabetic patients (13, 14) , and first-degree relatives of type 2 diabetic patients (15, 16) . Based on the present analysis, the number of pulses per hour (burst frequency, period, and lag time, as defined by the different methods to analyze pulsatility) and the mean pulse amplitude (Table  3) or burst mass (Fig. 4) have not been found different among the three groups of subjects/patients studied under placebo conditions. The previous studies primarily used autocorrelation (2, 13, 15) and approximate entropy (14, 16) analyses-basically the same procedures used in the present study. Deconvolution analysis has not been used to characterize pulsatile (oscillatory) insulin secretion in patients with type 2 diabetes or impaired oral glucose tolerance previously. The main differences between Lang et al.'s study (13) and our study are that their patients were all treated by diet alone (five with oral antidiabetic medication in our group) and that they were slightly younger (mean 60 vs. 64 Ϯ 9 years) and less obese (106% ideal body weight vs. BMI 28.9 Ϯ 7.2 kg/m 2 ). The insulin assay used (13) probably was less precise, as judged from our coefficient of variation and their "mean precision" of 0.8 mU/l. Moreover, the insulin concentration profiles had been smoothed using a 3-min moving average, which suppresses rapid changes in the insulin concentration time series. The preliminary finding by Schmitz et al. (14) of a reduced orderliness of pulsatility in patients with type 2 diabetes relied on exactly the same methodology as that used in our present study. Overall, the information on pulsatile insulin secretion in patients with type 2 diabetes is sparse. Whereas the available literature supports some abnormalities (13, 14) , our results show that these abnormalities may be less apparent, even when using several different methods to describe pulsatile/oscillatory secretory behavior, and that larger patient groups need to be examined to clarify this point.
The present findings partly explain the exquisite "antidiabetogenic" activity of GLP-1 (38) . The augmentation of insulin secretory burst amplitude and mass may play an important role in the normalization of plasma glucose concentrations by exogenous GLP-1 in type 2 diabetic patients (39, 40) because pulsatile insulin (in comparison to continuously administered insulin) has been found to be more effective (41) (42) (43) .
In conclusion, exogenous GLP-1 is able to augment pulsatile secretory burst mass and amplitude in type 2 diabetic patients and subjects with impaired oral glucose tolerance, as has previously been demonstrated in healthy subjects. These results encourage the future therapeutic use of GLP-1 or GLP-1 analogs in patients with type 2 diabetes. 
